The 3'-5' circular trinucleotide cr(GpGpGp) was studied by means of 1 D and 2D high resolution NMR techniques and molecular mechanics calculations. Analysis of the J-couplings, obtained from the 1H and 13C-NMR spectra, allowed the determination of the conformation of the sugar rings and of the 'circular' phosphate backbone. In the course of the investigations it was found that the Karplus-equation most recently parametrized for the CCOP J-coupling constants could not account for the measured J(C4'P) of 11.1 Hz and a new parametrization for both HCOP and CCOP coupling constants is therefore presented. Subsequent analysis of the coupling constants yielded 'fixed' values for the torsion angles ,B and 6 (with : = 1780 and 6 = 1390). The value of the latter angle corresponds to an S-type sugar conformation. The torsion angles ey and e are involved in a rapid equilibrium in which they are converted between the gauche(+) and trans and between the trans and gauche( -) domain respectively. We show that the occurrence of E in the gauche( -) domain necessitates S-type sugar conformations.
INTRODUCTION
Low molecular weight nucleosides and nucleotides such as cyclic molecules in which the nucleotide units are connected by 3'-5' linkages, play important roles in many cellular functions. For example, the circular ribo-dinucleotides cr(UpUp) and cr(ApUp) are effective inhibitors of the DNA dependent RNA-polymerase of the bacterium Escherichia coli during the initiation phase of transcription (1, 2) . A completely different activity is exhibited by the circular dinucleotide cr(GpGp), which is an activator of the enzyme cellulose synthase in the bacterium Acetobacter xylinum (3) . Some structural analogs, like cr(IpIp), cd(GpGp) and two diastereomers of the monophosphothioates cr(Gp(S)Gp) were found to be relatively potent activators of the cellulose synthase as well. On the other hand, closely related molecules were found to be only marginally stimulatory, like cd((Gp)r(Gp)) and cr(GpGpGp) or entirely devoid of stimulatory activity, like cd(ApAp), cr(CpCp), cr(UpUp) and cr(GpCp) (4) . The structural reason for this is not clear. Therefore we investigated the solution structure of the circular trinucleotide cr(GpGpGp). This molecule is schematized in Fig. 1 . A second reason for studying cr(GpGpGp) is that such circular molecules contain structural elements which may enhance the understanding of folding in larger DNA and RNA molecules. To obtain the solution structure of cr(GpGpGp) we have employed high resolution NMR and molecular mechanics calculations. The most salient finding is that the ribose rings of the molecule adopt a pure S-conformation at the temperatures studied, contrary to what is usually found for these types of sugars.
MATERIALS AND METHODS Sample preparation
The circular trinucleotide cr(GpGpGp) was synthesized via an improved phosphotriester method (5) . NMR samples were prepared by freeze drying the material two times from 99.8% *To whom correspondence should be addressed 'Present address: Unilever Research Laboratorium, Olivier van Noortlaan 120, 3133 AT Vlaardingen, The Netherlands .) 1994 Oxford University Press D20. Subsequently, 0.4 mg of the sodium form of freeze dried material was dissolved in 400 mil of a 25 mM phosphate buffer in 99.98% D20, containing 1 mM sodium cacodylate, yielding a 1 mM sample of the circular trinucleotide. Sodium chloride was added until the total sodium concentration was 0.2 M.
NMR spectroscopy ID-1H-NMR spectra were recorded on a Bruker WM 200 spectrometer, equipped with an ASPECT 2000 computer, and on a Bruker AM 600 spectrometer, equipped with an ASPECT 3000 computer, at temperatures between 278K and 305K.
ID-13C spectra were recorded on a Bruker AM 400 spectrometer equipped with an ASPECT 3000 computer. In the latter experiment protons were broad-band decoupled during acquisition, using Waltz-decoupling. A FIDs which were sampled with 2K data points. The data were processed with zero filling to 512 data points in the tl-dimension; Gaussian apodization was applied in the t2-dimension to give resolution enhancement, and a ir/2 shifted squared sine bell window function was applied in the t1-direction.
Conformational analysis
The conformational analysis of the molecule was performed on the basis of J-coupling constants, which were derived from the ID spectra. First, approximate J-couplings were deduced from the experimental spectra which subsequently,together with the chemical shifts, were used as input for the Bruker spectrum simulation program, PANIC. The parameters were adjusted in such a way that optimal agreement was obtained between the experimental and simulated spectrum. The pseudorotational analysis of the sugars was performed on the basis of the coupling constants available for the ribose ring, using a home-written computer program as described elsewhere (9) . It uses a grid search routine to determine, from the available J-couplings, the parameters PN, PS, OmN, oms and xs which describe the sugar conformation. In this way a region of allowed values for PN, PS, OmN, /ms and xs is found which satisfies the experimental J-couplings.
Derivation of torsion angles from hetero-coupling constants required reparametrization of the Karplus equations, relating the hetero-coupling constants between hydrogen and phosphorous, J(HCOP), and between carbon and phosphorous, J(CCOP), to the torsion angles 4HCOP and Occop, respectively. A detailed description is given in Appendix 1.
Energy minimization of the circular trinucleotide was carried out with version 3.2.1 of the program Quanta (Polygen), which uses the CHARMm force field and runs on a Silicon Graphics Iris 4D-25G work station. A distance dependent dielectric constant was used to approximate the effect of solvent (10, 11) on the molecule. The total charge of the molecule was distributed among the atoms using the Gasteiger method. Energy minimization, with an Adopted Basis Newton Raphson minimization method, was continued until the average energy gradient was equal to zero or until the differences between the energy values at each step during a cycle of minimization were less than 0.001 U/mole. Figure 2A shows the different multiplets observed in the 'H-NMR spectrum of cr(GpGpGp), recorded at 298K. The spectral assignment was obtained from the connectivity pattern of a wl-DQF-COSY spectrum, recorded at the same temperature (spectrum not shown). The available data did not allow us to make a stereospecific assignment for the H5' and H5 " protons (9) and these were tentatively assigned on the assumption that Remin and Shugar's rule (12) applies. The ID spectra, measured between 278 and 305K, showed that the chemical shifts as well as the coupling constants are independent of temperature in this range. The experimental spectrum was resolution enhanced with Gaussian multiplication before Fourier transformation. All the given multiplets, except the H3' multiplet were recorded at 298K. The H3' multiplet is from the spectrum, recorded at 305K, because at room temperature the H3' proton resonates exactly at the position of the residual HDO peak. Because of the HDO shift the H3' multiplet becomes visible at higher temperatures. Although the J-coupling constants are the same at different temperatures, the spectrum at 298K was preferred for the other multiplets because of a better signal to noise ratio. larger (-. 20%) than that of the cross peak between H8 and H2', indicating that torsion angle X is in the syn domain (vide infra).
RESULTS

Structural analysis
The structural analysis carried out for cr(GpGpGp) relies almost entirely on the J-couplings deduced from the NMR experiments. The first thing that stands out is the large J-coupling between the Hi' and H2' sugar protons (Table 1 ). Pseudorotational analysis shows that the sugar rings adopt a pure S-type conformation with a phase angle of pseudorotation, P, equal to 154 50 and a puckering amplitude, Om, equal to 35 10 for the whole temperature range studied. Making use of the relationship (14) 6 = 120.6 + 1.l4mcos(P + 145.2) the exocyclic torsion angle b(C5'-C4'-C3'-03') can be derived from these results leading to a value of 139 5°. The torsion angle oy (05'-C5'-C4'-C3') and the fraction of ry gauche(+) conformers was deduced from the H4'-H5' and the H4'-H5" proton coupling constants (9, 14) . It is found that in cr(GpGpGp) y occurs in the gauche(+) domain for 62% of the time irrespective whether two or three staggered conformations are considered. In these calculations the J-couplings for the pure gauche(+), gauche(-) and trans conformation were obtained by using the generalized EOS-Karplus equation (14) . Considering the accuracy of the experimental data, the possible alternative assignment of the H5' and H5" resonances (which requires that the values of the coupling constants J(H4'H5') and J(H4'H5") are interchanged) leads to the same result for the fraction and the value of -y.
The backbone torsion angle (P-05'-C5'-C4') can be derived with the aid of the C4'P coupling constant, which amounts to 11.1 Hz ( Table 1 ). The most recently published parametrization of the Karplus equation for this coupling constant (15) does not account for such a large value. Therefore we derived improved Karplus relations of which the derivation is described in Appendix for 90-95% of the time with (3(t) =1780, consistent with the value of J(C4'P), taking into account the accuracy of the data.
An interchange in the assignment of the H5' and H5" protons and a concomitant change of the values of J(H5 'P) and J(H5 "P) does not change this result. The torsion angle e has only been observed to occur in the trans or gauche(-) domain (16) ; e(g+) is always forbidden because of steric hindrance and is therefore not considered in the subsequent analysis (see Discussion). The torsion angle e can be monitored by J(C4'-P3), J(C2'-P3) and J(H3'-P3). Making use of Eqns. 10-14 in Appendix 1 and assuming a possible error of 0.5 Hz in the experimental J-coupling constants, these two possibilities can be distinguished. We obtain a fraction e(t) of 0.7, and consequently the fraction e(g-) is 0.3, with e(t)=2400 and e(g-)=300°.
The torsion angles ca (03'-P-05'-C5') and r (C3'-03'-P-05') cannot be determined from NMR spectra, but can be derived mathematically (17) , on the basis of ring closure constraints, using the values for (3 and 6 and the different combinations of torsion angles ey and e.
Since the 'H and 13C spectra of cr(GpGpGp) show only one set of resonances for each set of the same type of protons, the ring system has either a 'rigid' symmetrical conformation or it Table II. is averaged to a symmetrical conformation in time. We have made the analysis on the basis that the molecule is symmetric so that the three a-and the three ¢ torsion angles each have the same value. This resulted in eight combinations of phosphate backbone torsion angles for which a closed symmetrical 18-ring could be formed (Table 2) . Remarkably, of the four different, possible 'y/e combinations always two and only two a/D combinations permit ring closure. For these eight structures, models were built to serve as starting conformations for energy minimization. The energy minimization was done in three steps. First, the torsion angles X were varied in steps of 300, subject to the condition that within a molecule each of the three x-angles were kept at equal values and for each of these the energy of all of the eight aforementioned structures was minimized in 300 steps through variation of the backbone angles. In this way we obtained a minimum energy structure for a particular value of X, for each of the initial eight combinations of the phosphate backbone torsion angles. Secondly, the resulting eight energy mininmized structures were subjected to a further minimization round until no changes in energy were detected between different steps. Finally, the resulting eight structures were energy minimized using an allatom approach, without constraining any of the torsion angles. It turned out that all conformers remain approximately symmetric, except for one in which one of the sugar rings adopts an N-type conformation. The results, including the energy values of these structures, are given in Table 2 . Ball and stick models of the lowest energy structures of cr(GpGpGp) are given in Fig. 4 .
DISCUSSION
To construct the 'NMR structures', listed in Table 2 , the torsion angles a and ¢ had to be calculated for the different possible combinations of the backbone torsion angles derived from the J-couplings. This was done algebraically (vide supra, 17). In these calculations the atoms are taken to be point masses. Thus, possible steric clashes leading to high, nonbonded energy terms are not accounted for. For Table 2 ) correspond to the major and minor isomers, i.e. the lowest energy conformer is the major compound. Both conformers are symmetrical, their backbone angles are close to those of the NMR starting structure and the glycosidic torsion angle is in the syn domain. All torsion angles fall within the normal, energetically allowed regions (18) , thus no unfavourable stress is induced in the course of the ring formation. In fact the backbone torsion angles of conformer 2 are not very different from those in B-DNA, except for a which falls in the trans instead of the normal gauche(-) domain and e which has shifted somewhat away from the trans domain. Apparently, this change is sufficient to achieve ring closure for the 18-membered ring.
In the minor component (structure 7), ey is in the trans and E in the gauche(-) domain and as a result a is in the trans and r in the gauche(+) domain. It can be seen in the ball and stick model of these conformers (Fig. 4) that the lowest energy conformer, 2, is more compact than conformer 7. In conformer 2 the guanine bases are in an axial position with respect to the 18-membered ring, while in 7 they are in a pseudo equatorial position. In both conformations the guanine amino groups are in a position to form a hydrogen bond with the phosphate group in the backbone, which is in correspondence with the NMR results (H8-H1 ' cross peaks were more intense than H8-H2' cross peaks) which indicates that the guanine bases are in a synorientation. This also followed from the molecular mechanics calculations discussed above, i.e. X(syn) is 10 kJ/mole more favourable than X(anti). All this is in line with results seen in other systems (16) .
The folding pattern found in structure 2, i.e. the combination of torsion angles between two adjacent sugar base moieties has been observed in a number of hairpins where sharp turns in the structure are induced by standard nucleoside geometry combined with non-helical torsion angles (9, (19) (20) (21) (22) (23) (24) .
Comparison with earlier work on cd(ApAp) Our earlier investigations on the circular dinucleotide cd(ApAp) demonstrated that at low temperature ( 5°C) the molecule occurs in a single conformation in which the deoxyribose rings adopt a pure N-type conformation (13) . In a parallel X-ray diffraction study of this compound the same structure was obtained (25) . The preferred state for deoxyribose sugars is, however, the S-type conformation and it turns out that in the lowest energy state of cd(ApAp) the N-pucker is imposed by ring closure constraints (vide infra). We were therefore surprised to find that in cr(GpGpGp), with the larger 18-ring system, the ribose sugar is forced into the S-conformation which is unfavourable for riboses. Moreover, within the range considered, the chemical shifts and J-couplings of cr(GpGpGp) are independent of temperature, leading to the result that the riboses stay S-puckered yet at the same time ae, 'y, e and ¢jump between different staggered conformations (vide supra). Thus we find a mixture of rapidly interconverting conformations for cr(GpGpGp), of which the fractions do not change in the temperature range studied, and a single conformation for cd(ApAp) which is sensitive to temperature changes, i.e. changes in chemical shifts and J-couplings are observed with increasing temperature. UV experiments, conducted to gain a better insight into these temperature dependent changes of the NMR parameters, showed that cd(ApAp) is involved in a novel type of stacking interaction in which, in the dimer formed by two cd(ApAp) molecules, the bases intercalate without being involved in basepairing. After disruption of the dimer structure the Npucker may switch to a S-pucker but not necessarily so (13 (20, 21, 23, 24, 26, 27) found in RNA hairpin loops or at intercalation sites where the spacing between adjacent bases is doubled. In the circular trinucleotide studied here a rapid equilibrium is observed between E(240') and E(300'), with E being in the gauche(-) domain for =35% of the time. This corresponds to the transformation from conformer 2 to 7 with the former being the energetically more favourable structure and present at the highest concentration. Surprisingly, the riboses remain S-puckered all the time, while their lowest energy state is the N-pucker (28) . There may be different reasons for this behaviour. In the major conformer the syn-orientation of the guanine bases can be held responsible, i.e. the occurrence of N-type sugars is not allowed sterically for a purine nucleotide in which -y is in a gauche(+) conformation and X is in a syn orientation. Furthermore, for the resulting hydrogen bonding of the amino groups to the phosphate groups (in both conformers) an S-puckered sugar is preferred over an N-pucker. Such a conformation contributes a favourable energy term of about 10 U/mole (vide supra). When the sugar is in an S-type conformation an 'unhindered' transition from E(240') to E gauche(-) may take place leading to a favourable entropy contribution to the free energy. It is noted here that an E gauche(-) conformation can only occur in combination with an S-puckered sugar as has been suggested earlier by several authors (15, 29, 30) In accordance with this hypothesis we find that the poor regulator cr(GpGpGp) does not form dimers in solution. However, the circular dinucleotide cd(ApAp) is a poor regulator, while it has been shown by us to form self-intercalated dimers in solution (13) . In addition, other closely related cyclic dinucleotides, such as cr(ApAp), cr(CpCp), cr(UpUp) and cr(CpGp) are also devoid of stimulating activity. These data leads one to conclude that the possibility to dimerize is apparently necessary but not sufficient for stimulating activity.
The simple lock and key model is thus too restrictive to explain fully the observations and a study of the details of the interactions in the complex is required. Some points can nevertheless be made. In particular the nature of the bases seems to play an important role and not so much the nature of the backbone, since apart from cr(GpGp) all other active regulators are structural analogs namely cr(IpIp), cd(GpGp) and cr(Gp(S)Gp). A comparison of these cyclic nucleotides with the non-active ones suggests that the bases should have an imino group at position 1 and a carbonyl group at position 6. Uracyl has a set of donor and acceptor groups at comparable positions but cr(UpUp) is inactive suggesting that a carbonyl group is not allowed at position 2. These features affect stacking interactions and/or hydrogen bonding interactions with cellulose synthase. The latest values for A,B etc. were deduced by Lankhorst et al. (15) . However, their parametrization cannot account for the carbon phosphorous coupling constant of 11.1 Hz measured for cr(GpGpGp). Neither can the observation, made earlier in our laboratory, for carbon-phosphorous coupling constants in the circular dinucleotide cd(ApAp), (J(C4'P5) and J(C4'P3)), which amounted to 10.9 Hz, be accounted for (13) . This is demonstrated in Figs. 5A (3, corresponding to the C4'P5 coupling constant of cr(GpGpGp) was unknown before the reparametrization. The (x) denotes value of earlier assigned to 1800 by Lankhorst et al. (15) . corresponding known torsion angles ,3 and e as input for the reparametrization as well as a set of H-P coupling constants, namely J(H3'P), J(H5'P) and J(H5"P) at two different temperatures. At this point ten carbon-phosphorous and seven proton-phosphorous coupling constants of pure conformers were taken from Lankhorst et al. (15) , whereby five of the torsion angle values corresponding to these coupling constants are unknown and incorporated as such in the calculations. Two carbon-phosphorous and six proton-phosphorous coupling constants are from Blommers et al. (13) , whereby the values of the corresponding torsion angles are known from NMR and Xray data (Table 3 ). From the work described here one carbonphosphorous coupling constant has been derived; the value for the corresponding torsion angle is unknown (Table 3 ). The H5'P and H5"P coupling constants derived for cr(GpGpGp) could not be used, because we were not able to make stereospecific assignments for the H5' and the H5" signals; neither could the C2'P3 nor the H3'P3 coupling constant of cr(GpGpGp) be employed for the reparametrization, because they do not correspond to a pure conformational state (vide supra). This results in a total of 26 calibration points (Table 3) on the basis of which two three-parameter Karplus equations and the unknown magnitudes of six torsion angles (five torsion angles from the compounds of (15) and torsion angle : from cr(GpGpGp) ) could be derived. This has been achieved by a least squares optimization routine using a conjugate gradient minimization method. The resulting parameters are given in the following equations: 
Plots of these equations, as a function of torsion angle X, are shown in Figs. 5A and B together with the 26 experimental calibration points. The fit is excellent as can be seen in Table  3 . As mentioned above in the 0 -60°region only one estimated calibration point for the carbon-phosphorous Karplus equation XOtrans (25.5(JH5'P5JH5"P)/205) JH5P= Xg+JH5'P(60 -1200) + XJH5pP(,-120°) + Xg JH5,p(300 -1200) (6) JH5"P =Xg+JH5P(60 + 120°)+ XtJH5'P(1 + 1200) + XgJH5"p(300 + 120°) (7) JC4'P5 Xg+JC4'P5(60') + XJC4'P5(3) + Xg-JC4'P5(3000) (8) x3(g+) + X3(t) + x1(g_) = 1 (9) JC4'P3 = XtJC4'P3(Et) + Xg-JC4'P3(E' ) (10) JC2'P3 = XtJC2'P3(E' + 1200) + Xg-JC2'P3(Eg-+ 1200) (11) JH3'P3 = XtJH3 P3(E 1200) + Xg_JH3 P3(Eg -1200) (12) XE(t) + XE(g _) = 1 (13) 
